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Abstract 

It was recently noted that the on-shell Einstein-Hilbert action with York-Gibbons-Hawking 
boundary term has an imaginary part, proportional to the area of the codimension-2 surfaces 
on which the boundary normal becomes null. We extend this result to first-order formulations 
of gravity, by generalizing a previously proposed boundary term to closed boundaries. As a side 
effect, we settle the issue of the Hoist modification vs. the Nieh-Yan density by demanding a 
well-defined variational principle. We then set out to find the imaginary action in the large-spin 
4-simplex limit of the Lorentzian EPRL/FK spinfoam. It turns out that the spinfoam's effective 
action indeed has the correct imaginary part, but only if the Barbero-lmmirzi parameter 7 is set 
to ±z after the quantum calculation. An interpretation and a connection to other recent results 
is discussed. In particular, we propose that the large-spin limit of loop quantum gravity can be 
viewed as a high-energy "transplanckian" regime. 
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1 Introduction 



The verification of the correct classical limit of a theory of quantum gravity, i.e. general relativity 
(GR), is the most basic and commonly agreed upon requirement we demand from it. For this, 
it is mandatory to have a thorough understanding of the classical theory. An interesting feature 
of the classical Einstein-Hilbert action for general relativity, which can serve as a non-trivial 
test of the classical limit(s) of a quantum theor>Q, was recently pointed out in [TJ [2]. There, 
it was shown that the on-shell Einstein-Hilbert action with York-Gibbons-Hawking boundary 
term [31 13] for a finite region always has an imaginary part, proportional to the area of the 
codimension-2 surfaces where the boundary normal becomes null. The imaginary part arises 
from analytically continuing the normal's angle near such surfaces, which one must do to avoid 
a pole singularity in the York-Gibbons-Hawking boundary integral. An imaginary action in GR 
has been discussed long ago by Gibbons and Hawking [5j in the context of a stationary black 
hole Wick-rotated to Euclidean spacetime. After correcting for an infinite constant and some 
terms related to conserved charges, the imaginary action of [I] yields the Bekenstein-Hawking 
entropy. The results of [U [2] indicate that an imaginary part is a much more general feature of 
gravitational actions, and that we should look for it in the classical limits of candidate quantum 
gravity theories. The general study of actions in finite regions, in particular for gravity, is 
motivated in more detail in section [2J 

In the classical limit, the (effective) on-shell action is related to transition amplitudes through 
the path integral formalism. Therefore, models based on path-integral quantization are well 
suited for testing the above-mentioned feature of the GR action. Loop quantum gravity (LQG) 
[HI [7] is a candidate theory of quantum gravity that comes both in a Hamiltonian formulation and 
in a path integral framework, known as spinfoam models. The currently most studied spinfoam 
models are the EPRL/FK models [HI E] for which many results are known. We refer to |10| for a 
recent review. In particular, one can study "semiclassical" coherent boundary states in the limit 
of large spins (corresponding to large areas). In our context, then, one would like to recover the 
imaginary part of the GR action from the spinfoam amplitudes for such states. We consider this 
issue in section |U We find that the imaginary action is indeed recovered, but only if one sets 
the Barbero-Immirzi parameter 7 to rti at the end of the calculation. This is intriguing, since 
7 = ±i corresponds to self-dual Ashtekar-Barbero variables. We stress, however, that setting 7 
to ±i is a formal procedure, since there is currently no detailed understanding of the quantum 
theory with 7 non-real. 

On a different route, one might be worried that the boundary term, and especially its imagi- 
nary part, might depend on the precise classical formulation. In other words, the results of [H[2] 
were derived in a second-order framework, while it was suggested in [5] that the boundary term 
for first-order formulations of general relativity would be better behaved, i.e. finite without the 
need for subtracting infinite counterterms. The analysis of [5] was however restricted to spatial 
slices, since its aim was a Hamiltonian framework. There, the time gauge (see section [3]) is 
accessible, and the boundary term vanishes quickly enough at spacelike infinity to give only a 
finite contribution. On the other hand, when considering closed boundaries, the time gauge is 
not accessible. We thus generalize the boundary term outside the time gauge in section [31 with 
the result that the imaginary part of the action is also present in the first-order formulation, 
in agreement with the second-order result [TJ [2] . The current spinfoam models are based on a 

A quantum field theory can have more than one classical limit. The oldest example is wave/particle duality: 
quantum electrodynamics can be described in one limit by a classical field, and in another limit by classical 
particles (photons). In section [5] we will encounter two candidate classical limits of loop quantum gravity. 

2 It is well known that the York-Gibbons-Hawking boundary term diverges for non-compact spatial slices; see 
[5] for a discussion. This divergence is however conceptually different and not the cause for the imaginary part of 
the action. 
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variation of the first-order GR action, known as the Hoist action [TT] , from which the Ashtekar- 
Barbero [121 [13] variables of loop quantum gravity can be derived. Therefore, we generalize the 
boundary term also to this action principle. Interestingly, we find that the boundary term for 
the Hoist modification is given by the Nieh-Yan topological density, which has been proposed 
as a replacement for the Hoist modification [13] . The question of whether to use one or the 
other as a classical starting point for LQG thus attains a Solomonic resolution by demanding a 
well-defined variational principle. 

Section [5] is devoted to discussion, focusing on the spinfoam results from section [3J We 
propose to view these results within a physical interpretation of the large-spin limit of LQG 
as a "transplanckian" high-energy regime. In this framework, we make contact between the 
perturbative running of 7 in effective field theory [15] and our proposal to set 7 = ±i in the 
spinfoam calculation. We also place in this context some recent work |16[ [TT] on black hole 
entropy within loop quantum gravity. Some of the remarks we make are speculative and should 
be taken with due care. 

2 Why finite regions and closed boundaries? 

In field theory, one always works with some sort of boundary data. The action principle restricts 
us to boundaries that are closed hypersurfaces, enveloping some region of spacetime. It is often 
convenient to place the boundary hypersurface at asymptotic infinity, either in whole or in part. 
One example is the calculation of S-matrix elements, where the "in" and "out" states are given 
on the asymptotic boundary of Minkowski space. Another example is when the initial and 
final states are given on two constant-time slices. These slices intersect at spatial infinity, thus 
forming a closed boundary. 

On the other hand, gravity actually forces us to consider physics in finite regions. This is 
because spacetime curvature together with causality can make asymptotic infinity inaccessible 
from certain locations. The prime example is an observer inside a black hole. At the cosmological 
scale, it appears that all observers are in a similar predicament, due to the universe's accelerating 
expansion. In both scenarios, one encounters the notion of a finite entropy associated with the 
causal horizon. 

Given these circumstances, it is interesting to learn about any peculiarities of field theory 
that are specific to finite regions with Lorentzian causality. An important source of such pe- 
culiarities is the presence of "signature-flip" surfaces. These are codimension-2 surfaces where 
the boundary changes its signature from spacelike to timelike (or vice versa), and momentarily 
becomes null. Any closed boundary must contain such surfaces. The flip surfaces may be "hid- 
den" in topological corners, where the boundary "makes a sharp turn" in a non-differentiable 
manner. For example, a closed boundary composed of two spacelike hypersurfaces, one "initial" 
and one "final", carries two signature flips in the corner where the two hypersurfaces intersect. 
See figure [TJ 

At corners and/or flip surfaces, some standard tools of analytical mechanics cannot be taken 
for granted. This is related to the fact that the boundary-value problem for hyperbolic differ- 
ential equations (i.e. for Lorentzian causality) is ill-defined. As a result, the usual formalism of 
boundary-data variations doesn't hold at all points of a closed boundary, but breaks down at 
the corners and flip surfaces. In particular, tangential and normal gradients on such surfaces 
cannot be treated as independent. This affects the counting of degrees of freedom, as well as the 
locality properties of action variations. One usually avoids these issues by keeping the boundary 
data on these surfaces fixed and not worrying about contributions that arise from them. This 
is quite natural when the surfaces are "hidden" at asymptotic infinity, where all the dynamical 
fields fall off. However, in the presence of gravity, this point of view becomes problematic. First, 
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Figure 1: A purely spacelike closed boundary, composed of two intersecting hyper surf aces. The 
full circles denote the corner surface. The arrows indicate the two boundary normals at each 
intersection point. A continuous boost between these two normals involves two signature flips. 
As a result, the "corner angle" has an imaginary part with magnitude ir. 



as mentioned above, asymptotic infinity may be physically inaccessible. Second, the bound- 
ary's metric and extrinsic curvature are now dynamical variables, and their values at infinity 
contribute to the action. This is the source of the divergence mentioned in footnote El 

Thus, we are interested in studying actions in finite spacetime regions with an emphasis on 
the effects of corners and flip surfaces. The hope is to learn from this something about the 
degrees of freedom of quantum gravity in such regions. In [Tj, this approach was followed for the 
case of closed null boundaries. From the perspective presented above, this is an extreme case, 
since the boundary is null not just on isolated surfaces, but everywhere. It was noticed in [1] 
that for GR in a null-bounded region, a careful evaluation of the action S reveals an imaginary 
part. This conclusion was extended to general closed boundaries in [2]. The imaginary part 
arises from the action's boundary term, which requires analytical continuation in the vicinity of 
a flip surface. Its value closely resembles the black hole entropy formula, and can be written as: 

flips flips 

Here, the sum is over flip surfaces, A^ p is the area of each surface, and a^\ p is the entropy 
functional A/4G [18]. The calculation was also extended to Lovelock gravity, using the action 
with the appropriate boundary term [19] . This resulted again in an imaginary part ImS 1 , re- 
lated in the same way as in (I2.ip to the appropriate entropy formula [20]. We note again the 
similarity to Gibbons' and Hawking's calculation [3], where black hole entropy was derived from 
an imaginary action. The motivation there, however, was somewhat different. A Wick rotation 
was performed to avoid the physical singularity in the black hole's interior. As a result, the 
calculation was restricted to stationary spacetimes, and did not involve finite regions. 



3 Boundary terms in first order general relativity 
3.1 Second order boundary term 

It is well-known that the Einstein-Hilbert action of GR must be supplemented with the York- 
Gibbons-Hawking boundary term [31 H] to ensure a well-defined variational principle. The re- 
sulting action reads: 

S 2 nd-ordcr = (/ V=gRd?X + 2 [ J —K d 3 x) . (3.1) 

16vrG yj n Jdnvn-n J 

Here, is a spacetime region with boundary d£l. g^ is the space-time metric, with signature 
(—,+,+,+). R = fj,u is the Ricci scalar, with the sign convention R^yp^V 11 = [V p ,Vo-]y M 
for the Riemann tensor R^ vpa . /i a & is the metric induced on d£l. K is the trace of the extrinsic 
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Figure 2: A smooth closed boundary in Lorentzian spacetime. The arrows indicate the normal 
direction at various points. The normal's sign is chosen so that it has a positive scalar prod- 
uct with outgoing vectors. Empty circles denote "signature flips", where the normal becomes 
momentarily null. 



curvature tensor K\ = V a n b . The sign of the boundary normal is chosen so that the covector 
n p is outgoing, i.e. so that n M has positive scalar product with outgoing vectors. See figure El 
The factor of n ■ n in the denominator makes (|3.ip valid for both spacelike and timelike patches 
of <9f2 and for arbitrary norm of n^. Null regions are dealt with via an analytic continuation. 
(/U, v . . .) are spacetime tensor indices, while (o, b . . .) are tensor indices on d£l. 

Thanks to the boundary term, the action (|3.1|) contains only first derivatives. It is then 
stationary under the Einstein equations with 5g pu = on d£l, without also fixing S(d p g fJiU ). In 
addition, it's worth noting that a canonical analysis of the action (|3.ip leads to the ADM energy 
and momentum [21] as the boundary terms of the Hamiltonian and spatial diffeomorphism 
constraints. A recent review of these results with extensions to f(R) theories can be found in 



3.2 Gauge-invariant boundary term for the Palatini action 

While the above considerations are in a second-order framework, general relativity can be equiv- 
alently described by the Palatini action, where one varies the co-vierbein e p and the SO(l,3)- 
connection A^jj independently, thus having a first-order framework. On spacelike patches of 
the boundary which allow for the time gauge n^ej^ =: n = (1,0,0,0), where is the unit 
normal on d£l, one can use in this gauge the action principle (see e.g. [5]): 

°=»L(f* jAF "W-L* ,jAA ") ■ (32) 

where Fjj{A) := dA u + Aj K A A KJ is the field strength of Ajj, and S /J := \t 13KL e K A e L . 
Our convention for the components of differential forms is (U A V) pu = 2U\ [ ^V v y The spacetime 
Levi-Civita density is e^ upa , with inverse e^ upa - For the boundary, we have likewise e abc and 
e a bc- The internal Levi-Civita tensor is e IJKL or cukl] the two versions are related through 
raising and lowering with the flat metric rju, and are minus each other's inverses. We assume 
for now that the vierbein has a positive determinant dete = (l/4!)e M!ypa euKL^eie^ > 0. 
This assumption can be thought of as e pupa and €jjkl "having the same sign". The case of 
negative det e will be discussed in section 13.51 

It was shown in [5] that in the time gauge, the action (|3.2|) reduces to the second-order action 
(|3.1|) with the York-Gibbons-Hawking boundary term. While the time gauge is an admissible 
gauge choice when working on a spatial hypersurface as in the Hamiltonian framework, this 
gauge is not accessible everywhere on a closed boundary d£l, due to the presence of signature- 
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flip surfaces (section [2]) . For instance, in figure [IJ a gauge frame with n 1 = (1,0,0,0) at both 
the initial and final hypersurfaces would fail to be continuous at the corner. 

In order to see how this affects the boundary term, we must redo the calculation leading to 
(|3.2p without the time gauge. We also leave the norm of n unrestricted. This will allow it to 
remain smooth in the neighborhood of a smooth flip surface, i.e. a signature-flip surface which 
is not a topological corner. Any vector n 1 normal to the boundary must be collinear with the 
densitized quantity: 

Nj := ^e abc e IJK Le J Ae L c . (3.3) 

This densitized normal Nj is a polynomial function of the co-vierbein, and it remains smooth 
in the vicinity of a flip surface, e a in (13. 3p is the pullback of the space-time co-vierbein. We 
define the relative sign of e abc and e^ pcJ such that 

£[j,abc£ a c has a positive scalar product with 
outgoing vectors. As in section 13.11 we impose the same restriction on the sign of n^, which 
in turn determines the sign of n 1 . The direction of both the densitized normal (|3.3j) and the 
undensitized normal n 1 is then as depicted in figure [2j The relation between the two normals, 
for n 1 of arbitrary length, can be expressed as: 



N I = \I— -nj, (3.4) 



n ■ n 



where h is the determinant of the boundary metric h a \, = e^ey. We will also make use of the 
following identities: 



: IJ = —n K n 
— n ■ n 

^abdsr^IJ rtird t\tI 



[I ?k J] (3.5) 



e abd ^ a ie cJ = 25 d c N> . (3.6) 

Eq. (|3.5p expresses the fact that the pullback of T, IJ to the boundary always has one index normal 
to the boundary. Eq. (13.60 follows from symmetry, with the scalar coefficient determined by 
tracing the two sides. 

We now set out to evaluate the boundary term in (|3.2p on-shell in terms of the normal n (or 
N 1 ) and the extrinsic curvature. First, we note that on-shell, the connection Ajj is identified 
with the space-time spin connection Ijj annihilating the vierbein. In coordinates, it is given 
by: 

I>j = e v{I d^ A + T^e^e^j] , (3.7) 

where r^„ are the Christofiel symbols. To evaluate the boundary term in (13. 2p on-shell, we write 
the pullback of Tjj to the boundary as: 

Tu = If j - — n {l K A . (3.8) 
< — n ■ n 1 ' 

Here, K 1 is the 1-form := e^K^, with K h a the extrinsic curvature from section 13.11 I^j is 
the Peldan hybrid connection [23]: 

Ta/J = ^^■n [/ 5 a nj ] + h bc (e b[I d a e cJ] + I d ab e d[I e cJ] ) , (3.9) 

where h ab is the inverse of the boundary metric h ab , and I c ah are the Christoffel symbols defined 
by h ab . As in section [3TT| the n ■ n factors ensure that our equations are valid for both spacelike 
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and timelike boundary patches, and with no restriction on the norm of n 1 . The hybrid connection 
T^j has the property: 

D a e{ := V a e{ + Y* 1 je( := d a e{ - T c ab ei + T* 1 je( = . (3.10) 

Since the densitized normal N 1 is a function of e^, and n 1 is collinear with N 1 , we then have: 

D a N J = 0; n^D a n J] = , (3.11) 

where D a is again the covariant derivative defined with T ab and j- 

DaN 1 := daN 1 - T^N 1 + if ' jN J 
Dan 1 := dan 1 + if 7 jn J . 

From (I3TT1) - (I3TT2I ). it follows that: 

dni + TYjn J oc m . (3.13) 

Imposing the equation of motion Ajj = Tjj, we can now rewrite the boundary integral in 
(HL2D using eqs. ([33]) and fl3TT3|) : 



/ * IJ A Tij = j -^n K n^ A (tfj - -±- n [lKj] ) 
Jan Jdnn-n \ n-n 'J 



(3.14) 



= / —n K Z KJ A {dnj - Kj) . 
Jan n-n 

The first term vanishes in time gauge, where dn 1 = 0. The second term reproduces the York- 
Gibbons-Hawking integral. To see this, we restore tensor indices in the second term and use 
eqs. (|3SD and (ETij) : 

£ /J A Tjj = 2 / E" A ^ - / J-nre-WEftjq e cJ d 3 x 
./an n-n Jann-n 



an ■ n Jan n - n > 



E JJ A — — -- / W ifft 

on ™ • n Jan v n-n J 

To construct the d 3 x integral in the first line, we contracted the form indices with e abc d 3 x, and 
divided by 2 due to the presence of the rank-2 form H IJ . 

We have thus related on-shell the boundary terms in the first-order action (|3.2p and in the 
second-order action (|3.ip . It is well-known that the bulk terms of the two actions agree, given 
our assumption det e > 0. We find that on-shell, the two actions are related as: 

8 = S 2nd _ oldci --±-1 E /J A ^ . (3.16) 
8vrG J dn n-n 

We see that in time gauge, the two actions agree. On the other hand, since S^nd-order is gauge- 
invariant, we see that S is only gauge invariant under transformations that preserve the time 
gauge. We are thus lead to propose a modification of the boundary term: 
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On-shell, it follows from (|3.16p that this modified action coincides with the second-order action 
(|3,ip . In particular, the modified boundary term in (|3.17p - (|3.18p coincides on-shell with the York- 
Gibbons-Hawking term. Off-shell, we see from (|3,15|) that the boundary integrals in (|3.17|) - (|3.18l) 
and (|3.ip are related as: 

/ E" A (Ajj - = -2 [ J^Kd'x + f A (Ajj - Tjj) (3.19) 

Jan V n-n J J m V n ■ n J dn 

Both terms on the RHS are gauge-invariant (note that Au — Tu is covariant, unlike Au and 
Tjj themselves). We conclude that the boundary term in the new action (|3.17p - (|3,18p . and 
therefore the action itself, is gauge-invariant off-shell. 

The two expressions (|3.17j) - ()3.18|) each have their advantages. The expression (|3.18p involves 
an undensitized normal n , and is thus easier to interpret geometrically. On the other hand, 
since n 1 is not constrained to unit norm, it is not a proper function of the co-vierbein. The 
functional structure is clearer in (|3.17|) , which is written explicitly in terms of the connection Ajj 
and polynomial functions (T< IJ ,Nj) of the co-vierbein e . The TV • N factor in the denominator 
in (|3.17p shows that the new boundary term is non-polynomial in e 1 . This is the price we pay 
for gauge invariance throughout a closed boundary. On the bright side, the new non-polynomial 
term in f)3.17|) - ()3.18|) depends only on the boundary value of e 1 (through Y* IJ and Nj). Thus, 
it does not spoil the polynomial nature of the equations of motion. More generally, the action 
variation with fixed boundary values of e 1 remains unchanged. 

At a signature-flip surface, where the boundary becomes momentarily null, the N-N in 
the denominator in (|3.17p vanishes. This means that the boundary integral in (|3.17p - (|3.18D 
must be regularized. This is the same situation that was studied for the York-Gibbons-Hawking 
boundary term in [H [2]. Let us now briefly review how the analysis in [H [2] relates to our 
modified Palatini action (|3T7) - (|3T8j ). 

3.3 Implications of the new Palatini boundary term 

We have seen that the new njdnj/(n ■ n) term in the action (|3.17[) - ()3.18|) cancels the difference 
between the first-order action (13. 2p and the second-order action (|3.1|) . Let us examine some 
implications of this, with an emphasis on the behavior at corners and flip surfaces. 

First, consider flat spacetime. There, one can choose coordinates and a gauge frame such 
that ejt = const and Aj/ = 0. In this frame, the action (13.21) for any region vanishes. On 
the other hand, the new term in (|3. 17[) - ()3. 18j) does not vanish. In fact, eq. (|3.16p implies that 
the new term precisely captures the York-Gibbons-Hawking contribution from the boundary's 
extrinsic curvature. In particular, for regions Q that are effectively 1+1-dimensional (say, the 
other two dimensions form a flat torus), the on-shell action reads: 

8= ir E » A ^ = W JIK Kd?x = J_r 

8vrG J gn n-n 8ttG J m V n ■ n 8ttG J 

Here, da is the normal's rotation angle (actually, boost parameter) in the 1+ld space, while A 
is the area of the two transverse dimensions. To see this, it might be helpful to rewrite K as 
e aI d a nj in the case of flat space, where e aI := h ab ei,i. 

The example of an effectively 1+ld region in flat spacetime is less artificial than it may seem. 
In particular, it applies in the infinitesimal neighborhood of a corner surface. This is because 
the boundary's extrinsic curvature in the orthogonal 1+ld plane is arbitrarily larger than the 
gradients of e or the components of Ajj (provided a smooth gauge frame in the spacetime). 
Therefore, the flat 1+ld discussion captures the fate of the "corner contributions" [23] to the 
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York-Gibbons-Hawking boundary term. We see that the corner contributions are absent in the 
original first-order action (|3.2p . and appear in the modified action ()3.17[) - (j3.18|) through the new 
njdnj/(n ■ n) term. 

Now, as explained in [2], the signature-flip surfaces on d£l behave like corners, whether or 
not they coincide with corners in the topological sense. The "corner contribution" from these 
surfaces is responsible for the imaginary part (|2.ip of the on-shell action. We see that this 
imaginary part is again absent in the action (|3.2p . and is restored in (I3.17p - ([3,18p through the 
new term. 

3.4 Hoist action 

The Palatini action can be supplemented by the so-called Hoist modification [11] without chang- 
ing the equations of motion. Together with the appropriate boundary term, the action then 
reads: 



+ Iek(// AeJAF " < - 4) -/ 8 / 



A (e J A Au - dei) 

where 7 is a real nonzero constant. The first line is our modified Palatini action (|3.17p . while the 
second line describes the Hoist modification. In the latter, we include the appropriate boundary 
integral along with the usual bulk term. The e A e J A Ajj term in the boundary integral 
performs the same function as the T> IJ A Ajj term in the first line - it ensures that the action 
variation vanishes for vanishing be 1 but arbitrary 5Ajj on the boundary. The e 1 A dej term then 
performs the same function as the NjdNj/(N ■ N) term in the first line - it restores full gauge 
invariance. This follows from the fact that the combination dej — e J A Ajj = dej + Aj J A ej is 
a covariant derivative. Like the NjdNj /(N ■ N) term, the e A dei term depends only on the 
boundary value of e 1 , and therefore doesn't enter the action variation when this boundary value 
is held fixed. Unlike the NjdNj /(N ■ N) term, the e 1 A dej term is polynomial in e 1 . It doesn't 
diverge at corners or flip surfaces, and doesn't require any analytical continuation. 

It is easy to see that the on-shell action is unaffected by the addition of the Hoist modification. 
Under the equation of motion Ajj = Tjj, both the bulk and boundary integrands in the second 
line of (|3.2ip vanish, due to the identities: 

e J ATjj - dei = 0; e J A F 7J (r) = . (3.22) 

The first equation in ()3.22|) is the defining property of the spin connection T/j, while the second 
is the Bianchi identity. We conclude that on-shell, the Hoist action (|3.2ip coincides with the 
modified Palatini action (|3.17p . and therefore also with the second-order action (13. ID . 

The Hoist modification does have an effect on the Hamiltonian formalism. A canonical 
analysis of the Hoist action (|3.2ip leads to the Ashtekar-Barbero variables |12]I13]. with 7 as the 
Barbero-Immirzi parameter. From a Hamiltonian point of view, different values of 7 amount to 
canonical transformations |13] , 

While 7 does not affect the physics at the classical level, it becomes important in loop 
quantum gravity (HJ [7], where it appears as a quantization ambiguity. Here, the canonical 
transformation describing a change of 7 cannot be implemented on the holonomy-flux algebra 
(see, e.g., [7]), which leads to unitarily inequivalent quantum theories (25]. 7 can thus enter the 
spectra of physical observables [26], and predictions of the quantum theory can depend on it. 

It has been debated in the literature |14l [27] [28] whether one should use the Nieh-Yan 
topological density d{e I A Tj) with T 1 := de 1 + A IJ A ej instead of the Hoist modification as 
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the classical starting point for loop quantum gravity. The argument in favor of the Nieh-Yan 
density is that because it's truly topological, it does not affect the fermion coupling in the 
Lagrangian. As a result, the theory with fermions remains insensitive to the Barbero-Immirzi 
parameter at the classical level. However, our analysis above shows that to have a well-defined 
variational principle with arbitrary SA on the boundary, one must use a combination of the 
Hoist and Nieh-Yan terms given in (|3.2ip . This subtlety will also be important when discussing 
the running of the Barbero-Immirzi parameter, since prefactors of topological terms, e.g. the 
(9-angle in QCD, are not expected to run in perturbation theory. 

As a side remark, the action (13.2ip can be written in a manifestly dual way a^l 



(3.23) 



16vrG 

where T^j is the Peldan hybrid connection (13.91) (note that T^j is a functional of the e 1 alone). 
3.5 The first-order action for negative dete 

In the above calculations, we've been assuming det e > 0. Let us now consider the action's 
behavior when both signs of det e are allowed. This will be relevant to the spinfoam results 
in section 2J We build here on the discussion in [29j . Note that the sign of det e encodes the 
orientation of the internal space with respect to the spacetime manifold. Thus, changing this 
sign can be viewed as a parity or time-reversal transformation. 

When dete changes sign, both the bulk and boundary terms in the action f)3.17[) - (|3.18|) 
acquire a sign factor. Thus, for dete < 0, the real part of the first-order action (j3.17j) - (j3.18p 
evaluates on-shell to minus that of the second-order action (|3.ip . As for the imaginary part, recall 
that its sign is determined by a choice between two complex-conjugate analytical continuations 
of the boundary normal's angle [H[2]. The requirement that quantum amplitudes e lS ~ e~ lmS 
do not explode exponentially forces us to choose a positive ImS, regardless of the sign of dete. 
Thus, the relative sign between the real and imaginary parts of the boundary term, i.e. the 
choice of analytical continuation, must be different for det e > and for det e < 0. 

Alternatively, one can multiply the action ()3.17p - (|3.18p by a factor of sign(dete) (in the 
classical theory, this sign will be constant everywhere, assuming that dete doesn't vanish): 

The action (|3.24p is invariant under changes to sign(dete), and its real part always evaluates 
on-shell to the second-order action (|3.ip . As a result, the same analytical continuation gives 
a positive ImS" for both signs of dete. The price we pay is that the action functional (13.241) 
is no longer fully analytical in the vierbein. The sign function in ()3.24p can be analytically 
continued either from positive det e or from negative det e. The two continuations give the 
constant functions sign(det e) = 1 and sign(dete) = —1, thus forming two separate analytical 
domains. We see that there is a tradeoff in terms of analyticity. For the action f|3.17|) - ()3.18[) . 
different signs of det e require different analytical continuations for the normal's angle. On the 
other hand, with the action (|3.24p . we must contend with the two separate analytical domains 
of the sign function sign (det e) itself. 



3 This observation is due to Andreas Thurn (private communication). 
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The appearance of two analytical domains is related to the 4-volume density y/—g in the 
second-order action^- in terms of the vierbein, we have g = — (dete) 2 , and therefore: 

= V( dete ) 2 = sign(det e) • det e . (3.25) 

While (|3.25p shows where the non-analytical factor of sign(det e) comes from, it is instructive 
to consider the function \J (det e) 2 in its own right. The square-root function has a branch cut 
induced by the choice \/— 1 = ±i. This means that a half-line, e.g. e tS M. + for some angle 6 ^ n, 
must be removed from its domain. For the function y (det e) 2 , this implies removing from the 
complex det e plane a whole line containing det e = 0, e.g. e i6,//2 IL This line splits the complex 
plane into two separate domains, one containing the positive half of the real line, and the other 
containing the negative half. 

Similar considerations apply to the Hoist action (|3.2ip . Under a change in sign(dete), the 
first line in (|3.21|) changes sign, while the second line (the I/7 term) is invariant. Since the 
second line vanishes on-shell, the comparison with the second-order action and the choice of 
analytical continuation for the angle play out as before. The analogue of the action (13.24j) reads: 



+ TcT~n~ ( I e 1 Ae J A F U {A) -I e 1 A (e J A A u - cfej) ) . 



(3.26) 



The action (|3.26p is invariant under changes to sign (det e) and reduces on-shell to the second- 
order action (13. If) for both signs of dete. As in (I3.24p . the price is the appearance of an explicit 
sign function, which splits the complex plane into two analytical domains. This action was 
proposed in |29] as the basis of a modified spinfoam model that would be invariant under parity 
and time reversal. A similar proposal was made in [30} 13 lj . with the purpose of improving 
the large-spin behavior in the Euclidean model. In the Lorentzian, such modified spinfoam 
models have not yet been studied in detail. In section HI we will discuss the original Lorentzian 
EPRL/FK spinfoams based on the action (|3.2ip . 



4 The imaginary action in spinfoam asymptotics 
4.1 Introduction 

We have seen that various formulations of the GR action possess an imaginary part (|2.ip when 
supplemented with a gauge-invariant boundary term. In particular, this is true for the Hoist 
action, which forms a heuristic basis for the "new" (EPRL/FK) spinfoam model [HI E] - It is 
therefore interesting to see whether the imaginary action (|2.ip makes an appearance in the new 
spinfoams. As the signature flips that lead to an imaginary action are a crucially Lorentzian 
feature, we focus on the Lorentzian spinfoam model. 

Since the model is based on an action formula only heuristically, we must look at its output, 
i.e. at the transition amplitudes. In a classical limit, the logarithm of a quantum amplitude 
(divided by i) acquires the meaning of an action: In A — > iS. In the spinfoam model, a simpli- 
fied semiclassical analysis can be performed by considering geometries with very large discrete 
elements, i.e. with spins j > 1 on the spinfoam faces. One can then consider coherent bound- 
ary states peaked on specific values of the intrinsic metric and extrinsic curvature (which are 
non-commuting variables) [32]. A useful middle ground are so-called "semi-coherent" boundary 
states, which were studied in [33j . These are similar to fully-coherent states, but have definite 
values for the areas, i.e. for the spins j. 

4 We are focusing here on the bulk term. A similar argument can be made for the boundary term. 
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4.2 The 4-simplex spinfoam action for large spins 



In |33j . Barrett et.al. studied the spinfoam vertex amplitude for a large-spin semi-coherent 
boundary state describing a flat 4-simplex - the simplest non-trivial polytope in spacetime. The 
boundary is composed of five spacelike tetrahedra, intersecting at ten triangles. For boundary 
data that yields a consistent 4-simplex geometry, the authors of [33J reduced the vertex amplitude 
to a sum of two saddle-point contributions. The two saddle points describe two configurations of 
the 4-simplex related by parity (or time reversal) . A fully coherent boundary state that includes 
a smearing over spins picks out one of these saddle points [32]. Taking this into account, we 
write the result of [33] as: 



h -> (-l)*iV ± e iS± , (4.1) 

where the sign in the subscripts distinguishes the two saddle points. The sign factor (— l) x arises 
from the combinatorics of the boundary graph. The coefficients N± are "weak" functions of the 
boundary data, i.e. their contribution to ln/4 is negligible (in [34] , numerical evidence was given 
to the effect that N + and N_ are complex conjugates). Thus, we have ln/4 — > iS±, so that the 
quantity S± has the usual meaning of action. On this point, we deviated from the notation in 
[33]: there, the exponent in (|4.ip is itself called an "action". This means that our action differs 
from that in [33J by a factor of i. With this difference in mind, the result of |33] for S± reads: 

St = (±7©i - • (4.2) 
I 

Here, we kept the second term, which in [33] was taken outside the exponent e lS± . The reason for 
this will become clear below. 7 in (|4.2j) is the Barbero-Immirzi parameter. The sum is over the 
links in the boundary spin-network, or, equivalently, the faces of the spinfoam. Geometrically, 
they correspond to the triangular 2d faces of the 4-simplex. Each of these faces is a "corner" , in 
the sense that two boundary hypersurfaces (in this case, tetrahedral hyperfaces) intersect there 
at an angle. The ji are spin variables which are proportional to the triangle areas A\. We will 
elaborate on the precise nature of this proportionality below. Eq. (|4.2p is derived in the limit 
jl 3> 1. The 0; are the boost angles between the pairs of tetrahedra intersecting at each triangle. 
Let and be the timelike unit normals to the pair of tetrahedra intersecting at the triangle 
I. We choose and to be both ingoing with respect to the 4-simplex (taking into account 
the timelike signature, this gives the normals a positive scalar product with outgoing vectors 
[2]). The angle 0/ is then defined by: 

q _ f - acosh(— n\ ■ n?) n\ ■ i%2 < (thick corner) . . 

' 1 + acosh(+ni • 712) n\ ■ ?i2 > (thin corner) 

Here, a "thick corner" is one where both normals n^nX have the same time orientation, while 
a "thin corner" is one where the time orientations are opposite. See figure [3] Finally, the in 
72T) are defined as: 

f thick corner , . , . 

n «H +v ■ ( 4 - 4 ) 

7r tnm corner 



Let us now return to the proportionality between the spins ji in (|4.2p and the triangle areas 
A[. It is given by: 

Ai = 87rGsign(7)7ii , (4.5) 
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(a) 



ni • n 2 < 

e t < ; = 



(b) 



n\ • n 2 > 

Qi > ; n z = 7T 



1 



ni 




™2 




Figure 3: Two types of corners between spacelike tetrahedra: thick (a) and thin (b). The arrows 
denote ingoing unit normals. These correspond to outgoing covectors, i.e. have a positive scalar 
product with outgoing vectors. For each type of corner, the content of eqs. (|4.3|) - (|4.4p is 
summarized. 

where we keep in mind that 7 can have either sign, while the areas A\ must be positive. We 
refrain from replacing sign(7)7 —> \ since that would interfere with the analytical continuation 
below. Substituting (|4.5p into (|4.2p . the action becomes: 



4.3 The classical action for a 4-simplex 

For comparison, let us now find the classical GR action for a flat 4-simplex, including the 
imaginary part described in [TJ [2] . Having shown that the different classical actions agree on- 
shell up to signs, we will use for this purpose the second-order action (|3,ip : 



While the Hoist action (|3.2ip is more closely related to the spinfoam model, we cannot use it 
directly in our comparison. This is because of the sensitivity of (|3.2ip to the sign of det e, which 
has no direct counterpart in the spinfoam variables. As we will discuss in section 14. 4^ one can 
say that the spinfoam result (|4,6p retains the dependence on sign(det e) through the ± sign that 
distinguishes the two saddle points. 

Since we are in flat spacetime, the bulk term in (|4.7p vanishes. The boundary's extrinsic 
curvature, and with it the York-Gibbons-Hawking boundary term, is concentrated on the 2d 
triangular corners. We evaluate these corner terms according to the recipe in [2j. At each 
corner, we consider the normals to the two intersecting tetrahedra, depicted in figure [3l Each 
normal can be assigned an angle (actually, a boost parameter) in the 1+ld plane orthogonal 
to the corner triangle. To cover more than one quadrant of the Lorentzian plane, the angles 
are necessarily complex. The absolute value of the angles' real part is described as usual by 
hyperbolic functions. The sign and the imaginary part are depicted in figure [H The corner 
contributions to the action are then given by: 



where A[ is the corner's area, and ai is the angle difference between the two normals as one 
travels counter-clockwise in figure Comparing with eqs. (|4.3p - (|4.4p . we find that the corner 
angles a\ can be written as: 




(4.6) 




(4.7) 




(4.8) 



Oil = -@i + TL? . 



(4.9) 
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Figure 4: An assignment of boost angles to points in a Lorentzian plane. The points represent 
values of the boundary normal n 11 in the 1+ld plane transverse to a corner (2d face) of the 
4-simplex. The angles are defined up to integer multiples of 2m. 

This brings the classical action (|4.8p to the form: 

Sind-ordcr = ^qYI A ^~ @l + ^ " ( 410 ) 
I 

4.4 Comparison and analytical continuation in 7 

Let us now compare the spinfoam "action" (j4.6jl with the classical 4-simplex action (|4.10j) . The 
spinfoam formula fj4.6|) was derived for real values of 7. For such values, S± are also real, and 
therefore cannot reproduce the complex result (j4.10j) . For real 7, the II; terms sum up to an 
integer multiple of ir |33| . yielding a simple sign factor in the amplitude e lS± . As a result, in 
|33j . the 11/ terms were separated from the action. 

However, if we analytically continue (|4.6p to complex 7, the 11/ terms can be made to repro- 
duce the imaginary part of the classical action. The non-trivial part of the analytical contin- 
uation is the factor of sign(7) in (I4.6p , This must be continued to a constant function, whose 
value depends on whether we start from 7 > or from 7 < 0. Thus, we must properly speak of 
two separate analytical continuations^]: one from 7 > with sign(7) = 1, and one from 7 < 
with sign(7) = — 1. With this in mind, let us analytically continue the spinfoam action S± to 
7 = sign(7)i. Depending on the original value of sign(7), this corresponds heuristically to a 
self-dual or anti-self-dual connection. Making the substitution 7 — > sign(7)i in (|4.6p . we get: 

S± -)■ T Sign(7) Re SWorder + * Im SWorder , (4.11) 

where SWd-order * s t ne classical second-order action (|4.10p . The result (|4.1ip has the following 
properties: 

As with det e in section 13.51 it is instructive to view the two analytical domains as arising from the function 
\f~f t . This is because the more basic operator in loop quantum gravity is not the area Ai ~ sign(7)7, but its 
square A\ ~ . 
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1. 



The imaginary part coincides with that of the classical action. In particular, it is positive 
by construction for both saddle points, giving exponentially suppressed amplitudes e tS± . 



2. The real part coincides with that of the second-order classical action (|3.ip . up to sign. 
This sign is opposite for the two saddle points. 

3. The amplitudes e lS+ and e lS ~ for the two saddle points are complex-conjugate to each 
other. This was also the case for real 7. 

4. Switching the sign of 7 corresponds to complex-conjugating iS±. Since iS + and i5_ are 
complex conjugates, this is equivalent to swapping the two saddle points. 

It is plausible [29] that the two saddle-point configurations should be understood as two 
different values of sign(dete). Then the =F sign in (|4.11j) reflects the fact that the real part 
of the on-shell first-order Hoist action (|3.2ip changes sign together with det e. The added 
dependence on sign(7) in the spinfoam result is not surprising. In the spinfoam model, there 
is no variable corresponding to det e directly, and the difference between left-handed and right- 
handed orientations enters only through 7. As we've seen, the feature of two separate analytical 
domains (section I3.5[) also survives in the spinfoam result, but with 7 as the relevant variable. 
Finally, we stress that all the dependence of the amplitude on 7 is a "quantum effect" , with no 
counterpart in the classical on-shell action. 

5 Discussion 

In the previous sections, two main observations were made. In section [3l we've shown that the 
imaginary part of the GR action resulting from the York-Gibbons-Hawking boundary term is 
present also in first-order formulations. In section [H we've shown that this imaginary part can 
also be recovered in a semi-classical analysis of the EPRL/FK spinfoam model, by analytically 
continuing the Barbero-Immirzi parameter 7 to ±z in the final result. 

The original motivation for even considering this analytical continuation stems from the 
recent observation [16] that the Bekenstein-Hawking entropy with the correct numerical coeffi- 
cient can be obtained within loop quantum gravity by a similar procedure. We comment further 
on this issue in section [531 In particular, we interpret the calculation of [16], along with our 
results from section HJ in the context of a "transplanckian" regime of LQG. For us, both cal- 
culations demonstrate that this regime correctly reproduces certain properties of semiclassical 
GR, provided that one sets 7 = ±i. 

We stress that loop quantum gravity is well-defined only for real values of 7, so that it's 
currently a purely formal statement to consider a complex 7 in the quantum theory. On the 
other hand, an analytical continuation as the one presented could serve as an indirect definition 
of the theory with complex 7. While this may seem a suspicious procedure, it is tempting to 
follow it through. Indeed, self-dual variables corresponding to 7 = ±i have a distinguished 
role already in the classical theory, leading to a polynomial (density-weight two) Hamiltonian 
constraint. 

5.1 The large-spin limit as a high-energy "transplanckian" regime 

From the point of view of quantum field theory, Lagrangian parameters such as 7 are expected 
to run under the renormalization group (RG). We've observed that 7 has two limiting behaviors. 
In classical GR, the value of 7 is arbitrary, and has no effect on the action. On the other hand, 
in the large-spin limit of the spinfoam model, 7 must take the values ±i for the effective action 
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to have the correct GR-like behavior, in particular the correct imaginary part. This leads us to 
suspect a sort of RG flow between the two regimes. To make this statement more precise, we 
must understand what is meant by the large-spin limit. 

Before anything else, the large-spin limit of LQG is a mathematical structure. As such, 
it may enter physics in different contexts. In the spinfoam literature, the large-spin limit is 
often referred to as "the" semiclassical limit of LQG, with the implication that it produces the 
classical continuum GR that we observe at large distances. In this picture, the magnitude of 
the spins defines a mesoscopic scale, set between the Planck scale and the scale of continuum 
wavelengths that one wishes to describe. At this mesoscopic scale, some set of observables, e.g. 
areas and angles in Regge gravity, takes the values of a chosen classical geometry, with small 
relative uncertainties. The continuum emerges from adding together such semiclassical discrete 
elements. A similar picture emerges in the canonical framework. There, one approximates phase- 
space points of classical GR by coherent states on a fixed graph, with fluctuating magnitudes of 
the spins. One chooses a graph with sufficiently many links and nodes so that the continuum 
is well-approximated, but sufficiently few so that the relative uncertainties are minimized. See 
chapter 1 1 of [7] and [35] for a discussion and [36] EH EE] [39] for original literatur^f). Approaches 
such as these are potentially valid, if one views graphs with large spins as a coarse-graining of 
finer graphs with small spins, in a spirit similar to RG flow. However, the details of such a coarse- 
graining procedure, in particular the link between j ~ 1 and j>l, are not well-understood. 

We in this section will consider "the" large-spin limit in a more straightforward context - 
as the special subset of states in the fundamental theory that happen to have large spin labels. 
There is no coarse-graining implied. In particular, the couplings G and 7 are the same as those 
in the fundamental theory (which need not be the case in the coarse-graining picture). The 
"classical GR" that this limit reproduces is a discretized version of the GR that was quantized 
to obtain LQG. This is not the same as the observed GR, which is meant to emerge through 
coarse- graining. 

Indeed, we've already noted two differences between the two "classical GR's" . The observed 
GR lives in the continuum and is not sensitive to 7. In contrast, the GR of the large-spin 
limit is discrete (like Regge gravity) and sensitive to 7 (unlike Regge gravity). Thus, we view 
the effective action at large spins as distinct from the action of the observed, continuum GR. 
Therefore, the requirement for the large-spin effective action to have the correct classical form 
(I4,10p does not really follow from consistency with the continuum theory. Instead, we see it as 
a consistency check on the quantization procedure itself. 

What, then, is the physical meaning of this non-coarse-grained large-spin limit? Clearly, it 
describes the interaction of very large "atoms of space" . In quantum gravity, a large geometric 
size may arise both in a low-energy context (a large wavelength) and in a high-energy context 
(a large Schwarzschild radius). Here, "low-energy" and "high-energy" should be understood 
as much lower or much higher than the Planck scale, which (for finite 7) is the natural scale 
of LQG. We argue that the large distances associated with large spins should be viewed in 
a high-energy context. Indeed, long wavelengths with low energy imply a perturbation over 
a background spacetime. In contrast, a large-spin state in LQG determines the structure of 
spacetime, much like a heavy black hole. This is further supported by the picture of LQG 
intertwiners as miniature "quantum black holes" [45] . In that picture, large spins imply a large 

6 The usual caveats of using coherent states apply: only a chosen subalgebra of classical observables can be 
approximated, and the coherent states must be geared to that subalgebra. A systematic construction principle 
is however provided by the complexifier method [40] . Dynamical stability of coherent states is unknown for non- 
linear systems like GR. This point is especially important in the context of quantum gravity, since one would 
like to prove the dynamical stability of e.g. Minkowski space. In the diff-invariant context, further technical 
complications appear such as graph-changing operators and constraints, leading to the algebraic quantum gravity 
program [4"T1 14"21 14"51 EH] . 
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Continuum 
classical GR 



LQG with j ~ 1 



LQG with j > 1 
(discrete classical GR) 



E <C M p i anck ■< E ~ M p i anck ► E > M p i anck 

Many spins Large spins 

(coarse-graining) (no coarse-graining) 

Figure 5: Two classical-GR limits of loop quantum gravity. At high energy, discrete classical 
geometries are described by coherent states with large spins (no coarse graining implied). At 
low energy, continuum classical geometries are supposed to emerge through coarse graining. 

"black hole", and therefore high energy in the sense of a large "Schwarzschild radius". 

In this way, we arrive at a picture of the large-spin limit as the regime where atoms of 
space with transplanckian energy interact. In particle-physics terms, the analogous situation is 
a scattering process of two particles with center-of-mass energy E S> M p i anc k. The large-spin 
limit corresponds to the early stages of such a process, before the energy is dissipated into light 
degrees of freedom. After this dissipation, it is believed that the state should be viewed as 
a classical black hole, following the rules of the observed classical GR (see e.g. 05]). Before 
the dissipation, properly transplanckian physics takes place. There is no a-priori reason that 
this physics should be described by anything resembling GR. In LQG (as opposed to string 
theory), the fundamental theory is a quantization of GR by assumption. As a result, through 
the mechanism of coherent states with large quantum numbers, fundamental transplanckian 
processes are described by a (discrete) classical-GR limit. However, we stress again that this is 
not the same limit as the continuum GR describing classical gravity in the observed world. We 
stress also that the large-spin limit is "transplanckian" only in the sense of high energies, not in 
the sense of small distances. Degrees of freedom that are transplanckian in both senses at once 
are very likely ruled out on general grounds [46J. 

We conclude that the two classical GR's are in fact two opposite putative limits of the 
quantum theory, in terms of the energies of the quanta involved. The observed continuum 
GR corresponds to a low-energy "IR regime" of subplanckian quanta (gravitons). The discrete 
classical GR of the large-spin limit corresponds to a high-energy "UV regime" of transplanckian 
quanta (spins and intertwiners) . The situation is summarized in figure [5j It is somewhat 
analogous to the situation in QCD, which becomes two different free theories in the UV and in 
the IR (a theory of quarks and gluons in the former, and a theory of pions in the latter). 

5.2 The running of 7 

A coherent picture now emerges with respect to the running of 7. In the IR, the continuum 
GR is insensitive to the value of 7. In the UV, the discrete GR of the large-spin limit prefers 
7 = ±i. This suggests that 7 "runs" from an arbitrary value in the IR to a UV fixed point. 
We stress that this "running" is not necessarily well-defined at the intermediate, Planck-scale 
energies. In the regime where individual spins are both small and relevant, it is quite possible 
that the dynamics is not described by any GR-like effective action. 

Interestingly, a similar picture for the flow of 7 was recently obtained in a very different 
framework. In |15j . Benedetti and Speziale studied the 1-loop running of 7 in effective field 
theory for the Hoist action with a minimally coupled fermion. The calculation was done in a 
Euclidean framework, where the self-dual connection corresponds to 7 = ±1 rather than 7 = ±i. 
It was found that 7 runs from an arbitrary initial value in the subplanckian IR to the self-dual 
value ±1 in the transplanckian UV. It is tempting to analytically continue this statement to the 
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Lorentzian, saying that 7 runs from an arbitrary IR value to ±i in the UV. 

This convergence between the perturbative picture and the one suggested by large-spin am- 
plitudes is exciting, and indeed motivated our reasoning in section 15.11 Nevertheless, some 
obvious caveats should be mentioned. First, we stress again that we cannot directly make sense 
of a quantum theory with complex 7, be it in a perturbative framework or in LQG. Second, 
the perturbative running cannot really be trusted beyond the Planck energy. At best, it is 
suggestive of what should happen at transplanckian energies, with the suggestion borne out by 
the large-spin limit of LQG. Finally, we should note that contradictory results for the running 
of 7 in pure GR have been obtained in [15] in a 1-loop perturbative calculation, as well as in 
\A7\ 08] in the asymptotic safety framework. However, those results refer to gauge-dependent 
quantities, and their significance is not clear to us. 

A last comment concerning the running is in order. As observed in section 13. 4| 7 appears 
in the classical action as the prefactor of a combination of the Hoist modification and the Nieh- 
Yan density. In other words, when demanding a well-defined variational principle, it is not 
valid to use either the Hoist modification or the Nieh-Yan density individually. This point is 
important because one could object when that using the Nieh-Yan density as a modification for 
the Palatini action, the Barbero-Immirzi parameter would not run due to the topological nature 
of the Nieh-Yan density. This issue is also discussed from a different perspective in |15j . 

5.3 Black hole entropy at large spins with 7 = ±i 

The black hole entropy calculation proposed in [16] has been our initial motivation for considering 
the substitution 7 = ±i in the large-spin formula (14, 6h . In [16] , the authors propose to compute 
the black hole entropy within LQG in the large-spin limit by fixing the number of spin-network 
punctures on the horizon and setting 7 to ±z. As a result, the formula for the dimension of 
the Chern-Simons theory describing the horizon obtains a dominant term, and the resulting 
entropy is given by A /AG. Another work in this vein is [17], where the authors studied an LQG 
quantization of GR conformally coupled to a scalar field. There, one can count states resulting 
from a classical gauge-fixing of the Hamiltonian constraint. The entropy of these states comes 
out with a wrong dependency on the scalar field, unless one employs the reasoning of [16] and 
chooses 7 to reflect the self-dual case. 

The calculation in [16] is conceptually different from previous entropy calculations in LQG, 
see e.g. The main difference is that in [16], one fixes the number of punctures. From the 

perspective of a continuum GR limit (the low-energy "IR limit" of section 15. ip , one would expect 
instead to sum over all spin-network configurations with a given total area. It then follows that 
graphs with small spins dominate the entropy [49] . On the other hand, in the high-energy "UV 
limit" from section 15. 1[ it is natural to construct a "black hole" from a limited number of large 
area elements. Of course, this object does not coincide with what is usually meant by a black hole 
in continuum GR. However, it is the natural "transplanckian" analogue, given the interpretation 
of a continuum black hole as a large intertwiner [35]. We note that the "transplanckian" black 
hole should be viewed as a temporary state: with time, it should thermalize into a continuum 
black hole, which in LQG will be described by many small spins. It is thus conceptually similar 
to the early stages of a particle collision with transplanckian center-of-mass energy. 

Since the "transplanckian" black hole does not correspond to the continuum GR limit, there 
is also no need for its entropy to coincide with what is usually referred to as the Bekenstein- 
Hawking entropy. In fact, the entropy derived in [161 [T7] is A /AG in terms of the high-energy 
Newton's constant, i.e. the bare Newton's constant G from the definition of LQG. This entropy 
is in agreement with what one would expect from the effective (discrete) GR action in the 
"transplanckian" large-spin limit of spinfoams, which is given in terms of the same G. In 
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contrast, the usual Bekenstein-Hawking entropy is given in terms of the effective low-energy G 
of the continuum theory. There is no a priori reason why the Newton's constants in the two 
different classical limits should coincide. 

The entropy calculation proposed in [16] should thus be interpreted within the "transplanck- 
ian" regime. This is in contrast to the previous calculations such as which aim at the 
continuum limi10. The two main assumptions of [16], i.e. setting 7 to ±i and considering a fixed 
number of spins, seem to make sense only in the "transplanckian" context, where they agree 
with the independent results from spinfoam asymptotics and from perturbative calculations. We 
stress again that setting 7 to ±i is a purely formal statement at the moment, since it is currently 
unknown how to formulate LQG properly with non-real 7. 

5.4 7 — > ±z as a result of coarse graining? 

As argued above, setting 7 to ±i for large spins has an interpretation as a "transplanckian" limit 
in the sense of large Schwarzschild radii. Now, the natural question arises whether setting 7 to 
±i could also have an interpretation in terms of a (to be understood) coarse graining procedure. 
While we are not aware of direct arguments leading to this conclusion, we want to remark that 
all the above observations are also consistent with the coarse graining picture in the following 
(more or less vague) sense: in the coarse graining picture, the correct physical result is obtained 
by performing the calculation for arbitrary real 7 in the large spin limit and sending 7 to ±i 
after all calculations have been performed. This is especially attractive for the black hole entropy 
calculation, because a fixed number of (large spin) punctures would already incorporate, by the 
definition of coarse graining, all possible subdivisions into small spins. It is however unclear to 
us how sending 7 to ±i could result from a coarse graining procedure. 

6 Conclusion 

In this paper, we built on the recent observation that the second-order GR action for bounded 
regions has an imaginary part. We established that the same imaginary part is present also in 
first-order formulations of gravity. It was then shown that this imaginary part can be recovered 
from the large-spin asymptotics of the EPRL/FK spinfoam model, by analytically continuing 
the result from real Barbero-Immirzi parameter 7 to 7 = ±i. We proposed to view this limit as 
a "transplanckian" regime of LQG, in the sense of high energies but not of small distances. We 
argued that it's natural for the effective action in this regime to describe a discretized version 
of GR, governed by the high-energy Newton's constant. Further evidence for this point of view 
coming from a perturbative calculation and black hole entropy calculations has been discussed. 
While the calculations in sections [3] and H] are robust, the arguments in the discussion section 
[5] are more intuitive and should be taken with due care. Again, especially statements about 
the running of 7 to ±i in full Lorentzian LQG are only formal, since the quantum theory is 
ill-defined for non-real 7. 
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